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Abstract. A measurement of the analyzing powers for the 2H(p, pp)n break-up reaction was carried out at
KVI exploiting a polarized-proton beam at an energy of 135 MeV. The scattering angles and energies of the
final-state protons were measured using the Big Instrument for Nuclear-polarization Analysis (BINA) with
a nearly 4pi geometrical acceptance. In this work, we analyzed a large number of kinematical geometries
including forward-forward configurations in which both the final-state particles scatter to small polar angles
and backward-forward configurations in which one of the final-state particles scatters to large polar angles.
The results are compared with Faddeev calculations based on modern nucleon-nucleon (NN) and three-
nucleon (3N) potentials. Discrepancies between polarization data and theoretical predictions are observed
for configurations corresponding to small relative azimuthal angles between the two final-state protons.
These configurations show a large sensitivity to 3N force effects.
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1 Introduction
Today’s nucleon-nucleon (NN) potentials such as Argonne-
V18 (AV18) [1], Reid-93 [2], Nijmegen-I and II [2] and
CD-Bonn (CDB) [3,4] provide an excellent description of
NN scattering observables and of the properties of the
deuteron. However, exact calculations using two-nucleon
forces (2NFs) alone are not sufficient to describe, with
similar accuracy, systems consisting of more than two nu-
cleons. For example, none of the NN potentials can repro-
duce the binding energy of the simplest three-nucleon sys-
tem, the triton [5]. A similar underbinding occurs for other
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light nuclei as well [6]. The most promising and widely-
investigated solution is the addition of a three-nucleon
force (3NF), a contribution that cannot be reduced to
pair-wise reactions. The 3NFs arise in the framework of
meson exchange theory where a 3N interaction can be de-
rived by means of two-pion exchange between all three nu-
cleons with an intermediate excitation of one of them to
a ∆-isobar such as in Urbana-IX (UIX) [7,8] and Tucson-
Melbourne (TM99) [9,10] models or they appear fully nat-
urally in Chiral Perturbation Theory (ChPT) at a certain
order of chiral expansion [11,12,13]. Alternatively, 3NFs
can be included in a coupled-channel approach with an ex-
plicit∆-isobar excitation like the CDB+∆ (NN+3NF) [14,
15].
The importance of 3NF contributions to the dynamics
of systems composed of more than two nucleons was first
established in binding energies of few-nucleon states [6].
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Further verification of the role of the 3NF has been carried
out on the basis of scattering experiments. Various observ-
ables were measured in elastic nucleon-deuteron scatter-
ing and in the break-up of the deuteron via its collision
with a nucleon. An extensive discussion of the present sta-
tus of our understanding of the dynamics of the three-
nucleon system, based on modern calculations and many
precise and rich data sets, can be found in review arti-
cles [16,17,18]. The 3NF turned out to be very impor-
tant for improving the description of the cross section
for nucleon-deuteron elastic scattering data. At beam en-
ergies above 100 MeV per nucleon certain discrepancies
between data and calculations still persist, though signifi-
cantly reduced as compared to predictions based on purely
NN potentials. The experimental data demonstrate both
the successes and the difficulties of the current nuclear
force models in describing cross sections, analyzing pow-
ers, spin-transfer and spin-correlation coefficients for Nd
elastic scattering [19].
In the past three decades, many measurements have
been carried out at KVI and at other laboratories to ob-
tain high-precision data sets to provide a better under-
standing of the underlying dynamics of the 3NF. The
experimental studies of the 2H(p, pp)n reaction at 135
and 190 MeV [20,21] show a large (and growing with
beam energy) discrepancy between the measured data and
theoretical predictions for the vector analyzing power for
a number of configurations. These discrepancies demon-
strate that spin-dependent parts of the 3NFs are not com-
pletely understood [22]. Based on these observations, and
considering the rich phase space of the break-up reaction,
it was decided to expand the analysis of the data taken in
2006 at KVI. In this work, we extended the earlier anal-
ysis [17] that was done for kinematical configurations in
which protons scatter to small forward angles up to 35◦
by analyzing configurations at which one of the final-state
protons scatters to the backward angles starting from 40◦.
2 Experimental setup
The experiment was performed at the Kernfysisch Ver-
sneller Instituut1 (KVI) in Groningen, the Netherlands. A
polarized proton beam produced by POLarized Ion Source
(POLIS) [23] was accelerated with the superconducting
cyclotron AGOR (Acce´le´rateur Groningen ORsay) [24] to
135 MeV. The beam polarization was measured using a
Lamb-shift polarimeter (LSP) in the low-energy beam line
and by an in-beam polarimeter (IBP) that was installed
at the high-energy beam line after acceleration [25]. The
proton beam impinged on a liquid-deuterium target and
the reaction products were detected by the Big Instrument
for Nuclear-polarization Analysis (BINA). The BINA de-
tection system enables us to study break-up and elastic
reactions at intermediate energies in almost 80% of the
full 4pi solid angle coverage; see Fig. 1. BINA is composed
1 Presently known as KVI-Center for Advanced Radiation
Technology (KVI-CART).
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Fig. 1: A side view of BINA. The top panel shows a pho-
tograph of BINA’s side-view and the bottom one presents
schematic drawing of the forward wall and the backward
ball.
of two main parts, the forward wall and the backward ball.
In the following, these two parts are briefly described.
The forward wall consists of three parts: a Multi-Wire
Proportional Chamber (MWPC),∆E- and E-scintillators.
The forward wall covers the polar angle (θ) in the range of
10◦-32◦ with full azimuthal-angle (φ) coverage while, due
to the corners of the MWPC, the azimuthal-angle cover-
age is limited to the polar angles from 32◦ to 37◦. When
a particle passes through the MWPC, its coordinates are
recorded. Subsequently, a small fraction of its energy is
deposited in the ∆E-scintillators. At the end of its trajec-
tory, the particle stops inside of the E-scintillators if its
energy is less than 140 MeV (in case of protons). The type
of particle can be identified by combining the information
obtained from the E- and ∆E scintillators. All parts of the
forward wall have a central hole for leading the beam pipe
through the system. In the following subsections, these
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parts are described in more detail; see also Refs. [26,27,
28].
BINA’s MWPC, with an active area of 38×38 cm2, is
installed at a distance of 29.5 cm from the target position
and it consists of 3 planes, X, Y, and U. For further details
of BINA’s MWPC, we refer to Ref. [29].
E-scintillators form the cylindrically-shaped part whose
center coincides with the center of the target and two
flat wing-like parts placed above and below the cylindri-
cal part. The latter, which was not used in the present
experiment, can be used for detecting the secondary scat-
tered particles in polarization-transfer experiments. The
cylindrical part consists of 10 horizontal scintillator bars
with a trapezoidal cross section and the dimensions of
(9− 10)× 12× 220 cm3 each. The two central scintillators
have a hole in the middle for passage of the beam pipe.
∆E-scintillators in combination with E-scintillators are
used to identify the particle type (i.e. proton, deuteron
etc.) as well as to determine the MWPC efficiency. The
array of ∆E-scintillators is composed of 12 thin slabs
(0.2 × 3.17 × 43.4 cm3) of plastic scintillator which are
placed vertically between the E-scintillators and the tar-
get. All E- and ∆E-scintillators are made of BICRON-
408 plastic scintillator material. Due to energy losses in
materials between the target and the E-scintillators, the
protons (deuterons) with an initial energy below 20 MeV
(25 MeV) will not reach the E-scintillators.
The target system of BINA [30] consists of a target cell,
a holder, a cryogenic system, a heater, a gas-flow system,
temperature sensors, and a temperature controller unit.
We used deuterium (LD2) with density of ρ = 169 mg/cm
3.
The effective target thickness was 3.85±0.2 mm, including
the bulging effect. The target cell used in this experiment
was made of high purity Aluminum to optimize the ther-
mal conductivity and its windows were covered by a trans-
parent foil of Aramid with a thickness of 4 µm. The op-
erating temperature and pressure of the LD2 target were
19 K and 258 mbar, respectively. The target holder was
installed at θlab = 100
◦ on top of the backward ball with
a slight inclination angle of 10◦ and could be moved by a
pneumatic system.
The backward part of BINA is ball-shaped and is made
out of 149 phoswich detectors. These detectors cover al-
most 80% of the full 4pi solid angle, polar angle, θ, in the
range of 40◦ to 165◦ with a complete azimuthal accep-
tance (φ) (except at the position of the target holder at
θ = 100◦). Therefore, the backward ball together with the
forward wall cover nearly the complete phase space. The
shape and the construction of the inner surface of the ball
is similar to the surface of a soccer ball (which consists
of 20 identical hexagon and 12 identical pentagon struc-
tures). Each pentagon (hexagon) is composed of five (six)
identical triangles. In the hexagon, all sides of the triangle
have the same size while in the pentagon only two sides are
the same. Each triangle is composed of a phoswich detec-
tor and covers an angular range as large as ∼ 20◦, in both
φ and θ directions. Therefore, the granularity of the back-
ward ball is poor compared to that of the forward wall.
Each detector of the backward ball is composed of a fast
plastic scintillator, BICRON BC-408, and a slow phoswich
part, BICRON BC-444, which has the same cross section
and is glued to the fast component. The slow scintillator
part has a thickness of 1 mm, while, because of the energy
difference between particles scattered at different polar an-
gles, the thickness of the fast scintillator below θ < 100◦
is 9 cm and for the rest is 3 cm. The energy correlation
of the fast and slow components can be used for particle
identification. In this analysis, we have not exploited this
feature. All these elements were painted with white color
and glued with each other making a spherical ball. More
details of the backward ball can be found in Ref. [26].
The front exit window of the backward ball was made
of 250 µm thick Kevlar cloth and 50 µm thick Aramica
foil [30] which are glued to a metal frame. This thin win-
dow is strong enough to hold the vacuum inside the ball
(with a pressure of 10−5 mbar) and it also allows the for-
ward scattered particles to pass through it with a very
small energy loss.
The BINA backward ball acts as a scattering chamber.
The achieved vacuum is sufficient to avoid the collection
of dirt on the foil of the liquid-deuterium target. With
such an active scattering chamber, scattered particles lose
less energy compared to those propagating to the forward
wall. Therefore, the ball detects particles with low kinetic
energies. The energy threshold is, in the ball case, deter-
mined by the material related to the target cell, such as
the target frame, the target window foil and the thin cylin-
drical aluminum foil used as a thermal shielding around
the target cell.
The electronic, read-out and data acquisition (DAQ)
systems were adapted from the former SALAD setup [31].
Four different trigger conditions were used in this work.
These conditions were based on hit multiplicity in photo-
multiplier tubes (PMTs) of E- and ∆E-scintillators and
ball detectors. A Faraday cup at the end of the beam was
used for stopping the beam and monitoring its current.
A precision current meter was connected to the Faraday
cup. The output of the current meter was converted into
logic signals with a frequency proportional to the actual
current and read out by the scalers of the DAQ. The beam
current was typically 15 pA.
3 Data analysis
In this section, the analysis of the proton-deuteron break-
up reaction for the forward-backward configurations will
be discussed. A thorough description of the data analy-
sis of the forward-forward configurations can be found in
Refs. [32,33,34].
3.1 Events selection and energy calibration
Events were selected for which two break-up proton can-
didates were found in coincidence in the final state. In this
work, the forward-backward configurations in which one
of the outgoing protons scatters to the forward wall and
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the second one to the backward part of the setup were se-
lected. The angular bins for event integration were chosen
to be ∆θ1 = 20
◦ (size of the ball detector), ∆θ2 = 4◦ and
∆φ = 10◦.
Energy calibration is done using the break-up channel
itself and exploiting the energy correlation between the
two protons in the final state. For translating the QDC
channel into the deposited energy by a particle, we need
to know the energy correlation of the two protons at the
detector position based on their scattering angles and en-
ergy losses. We decided to convert the theoretical kine-
matic curve at the target position into the one at the de-
tector position. This conversion is done by determining
the energy loss due to the materials between the target
and the detector using GEANT3 simulations.
The break-up observables are shown as a function of
S, the arc length along the S-curve. The S-curve is the
kinematical curve presenting the energy correlation be-
tween two final-state particles of the break-up reaction.
The energy losses were added to the deposited energies to
convert them into initial energies at the interaction point
or target position and one of the results is presented in
Fig. 2 for the configuration with θ1 = 50
◦, θ2 = 28◦ and
φ12 = 140
◦. This configuration corresponds to break-up
protons scattered to a subring which consists of 5 ball ele-
ments with their centroids placed at a common polar an-
gle of 50◦ in coincidence with protons detected at 28◦±2◦
in the forward wall. The finite width of the band is pre-
dominantly determined by the large angular coverage of
each ball element. Therefore, several sub-configurations
fall within the acceptance of the detector; see Ref. [35].
The energy threshold for registering protons in the wall
(ball) is about 15 MeV (7 MeV).
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Fig. 2: The energy spectrum of two coincident protons
coming from the break-up reaction and registered at (θ1 =
50◦ ± 10◦, θ2 = 28◦ ± 2◦, φ12 = 140◦ ± 5◦). The solid line
shows the kinematical S-curve for the central values of the
experimental angular bins.
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Fig. 3: The projection of the slice chosen in Fig. 2 on the
D-axis. The vertical red lines mark the selection window
corresponding to ±3σ around the peak position.
3.2 Determination of the analyzing powers
To obtain the analyzing powers as a function of S, the
S-curve is divided into slices (S-bin) of equal width of ∆S
(10 MeV) along its length; see Fig. 2. The projection of the
indicated region in Fig. 2 onto the D-axis (a line perpen-
dicular to the S-curve) is shown in Fig. 3. Candidate signal
events are selected within ±10 MeV of D corresponding
to ±3σ around the observed peak position. The number
of events is normalized to the collected charge corrected
for the dead time.
The general formula for the cross section of the break-
up reaction induced by an incident polarized beam made
up of spin- 12 particles in the Cartesian coordinate system
is given by Ref. [36]:
σ(ξ, φ12) = σ0(ξ, φ12)[1 + pxAx(ξ, φ12)
+ pyAy(ξ, φ12)
+ pzAz(ξ, φ12)], (1)
where σ0 is the cross section for the case of an unpolarized
beam, px, py and pz are the Cartesian components of the
beam polarization, Ax, Ay and Az refer to the analyzing
powers, and φ12 = φ1−φ2 together with ξ=(θ1, θ2, S) de-
note all the kinematical variables of the two outgoing par-
ticles in the break-up reaction. Components of the beam
polarization are related to the beam polarization pZ with
respect to the quantization axis [36]. Making use of these
relations for the beam polarization normal to its momen-
tum and following Eq. 1, the φ dependence of the number
of events N↑ξ,φ12 (N
↓
ξ,φ12
) for the spin-up state, ↑ (spin-
down state, ↓) and for a kinematical point (ξ, φ12) can be
written as:
N↑,↓ξ,φ12(φ) = N
0
ξ,φ12(φ)[1 − p↑,↓Z Ax(ξ, φ12) sinφ
+ p↑,↓Z Ay(ξ, φ12) cosφ], (2)
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where ξ=(θ1, θ2, S) denotes all the kinematical variables
except φ12, and p
↑
Z and p
↓
Z are the polarization of the up
and down polarized beam, respectively, with respect to
its quantization axis. N0ξ,φ12 is the number of events for
the case of an unpolarized beam. According to Eq. 2, by
eliminating the N0ξ,φ12(φ) term, the following formula is
obtained.
N↑ξ,φ12(φ)−N
↓
ξ,φ12
(φ)
p↑ZN
↓
ξ,φ12
(φ)− p↓ZN↑ξ,φ12(φ)
= − Ax(ξ, φ12) sinφ
+ Ay(ξ, φ12) cosφ. (3)
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Fig. 4: Examples of asymmetry distributions with fit-
ted curves obtained for configurations with θ1 = 50
◦,
θ2 = 28
◦, φ12 = ±140◦ and S = 135 MeV. The two up-
per (lower) panels depict the asymmetries fξ,+φ12(φ) and
fξ,−φ12(φ) (gξ,φ12(φ) and hξ,φ12(φ)). The data are repre-
sented as open circles and the red lines show the results
of a fit through the data. See text for further details.
By denoting the left side of Eq. 3 by fξ,φ12(φ), one can
rewrite the Eq. 3 as follows:
fξ,φ12(φ) = −Ax(ξ, φ12) sinφ+Ay(ξ, φ12) cosφ. (4)
Thus, Ax and Ay values can be extracted, if one uses the
following combinations for mirror configurations (ξ,+φ12)
and (ξ,−φ12):
gξ,φ12(φ) ≡
fξ,−φ12(φ) + fξ,+φ12(φ)
2
, (5)
( 1=50 , 2=28 , 12=140 )
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Fig. 5: Examples of the analyzing powers Ax and Ay
of the proton-deuteron break-up reaction for one kine-
matical configuration (θ1 = 50
◦, θ2 = 28◦, φ12 =
140◦). Theoretical predictions, as specified in the leg-
end, show the Faddeev calculations using the 2NF such
as CDB [3,4] (dashed-dotted line) and AV18 [1] (dot-
ted line) and 2NF+3NF models such as CDB+∆ (long-
dashed line), CDB+TM99 [37,38,39] (short-dashed line),
AV18+UIX [40] (solid line) and CDB+∆+Coulomb [41,
42] (dashed-double-dotted line).
and
hξ,φ12(φ) ≡
fξ,−φ12(φ)− fξ,+φ12(φ)
2
, (6)
which, using parity conservation, can be expressed as:
gξ,φ12(φ) = Ay cosφ, (7)
and
hξ,φ12(φ) = Ax sinφ. (8)
Using the beam polarizations p↑Z = 0.57± 0.02 and p↓Z =−0.70± 0.04 from Ref. [25], Ay (Ax) was extracted by fit-
ting the experimentally determined distribution gξ,φ12(φ)
(hξ,φ12(φ)) with the right-hand side function of Eq. 7 (Eq.
8). Samples of such fits for a particular S-bin in a given
configuration are illustrated in Fig. 4. The extraction of
the analyzing powers relies on determining ratios of nor-
malized rates measured with up and down polarized beams.
Therefore, many experimental factors like detection effi-
ciency of MWPC and scintillators, and uncertainties in the
determination of the solid angles cancel. Figure 5 shows
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the two extracted analyzing powers, Ax and Ay, for one of
chosen kinematical configurations. The error bars reflect
only statistical uncertainties.
3.3 Error analysis
This section describes the procedure that has been used to
extract statistical and systematical uncertainties. We give
an overview of the various sources of systematic uncertain-
ties that have been identified and discuss the methodology
that has been used to estimate their magnitudes.
The statistical uncertainties for the analyzing powers
Ay and Ax arise from the errors of fitting parameters of
the functions Ay cosφ and Ax sinφ fitted to gξ,φ12(φ) and
hξ,φ12(φ), respectively. Statistical uncertainties of gξ,φ12(φ)
and hξ,φ12(φ) were obtained by performing the error prop-
agation in Eq. 5 and Eq. 6, i.e.,
∆gξ,φ12(φ) = ∆hξ,φ12(φ)
=
1
2
√(
∆fξ,+φ12(φ)
)2
+
(
∆fξ,−φ12(φ)
)2
,(9)
where the statistical uncertainty in the functions fξ,+φ12(φ)
and fξ,−φ12(φ) was obtained by performing the error prop-
agation in the left side of Eq. 3, i.e.,
∆fξ,±φ12(φ) =
(p↑Z − p↓Z)
√
(N↑ξ,±φ12)
2N↓ξ,±φ12 + (N
↓
ξ,±φ12)
2N↑ξ,±φ12(
p↑ZN
↓
ξ,±φ12(φ)− p
↓
ZN
↑
ξ,±φ12(φ)
)2 .
For the analyzing powers, one of the contributions to
the systematic uncertainty, which does not cancel in the
ratios given by Eq. 3, stems from the uncertainty of the
beam polarizations. The estimated values of uncertainty
related to this effect were ∼3% and ∼6% for the up and
down-modes, respectively [25]. Altogether, by adding these
two systematic uncertainties in quadrature, the maximum
systematic uncertainty associated with this effect for an-
alyzing powers is estimated to be less than 7%.
In addition to the systematic error due to the un-
certainty in the beam polarization, we considered other
sources of uncertainty that stem from residual and un-
known asymmetries. Some of the asymmetries might be
caused by variations in the efficiency and beam currents
between the data taken with the up and down polariza-
tion states. Moreover, very small differences between the
position of the beam-target interaction point between the
two polarization states have been considered as a source
of systematic uncertainty. During data taking we mini-
mized these effects by regularly monitoring the position
of the interaction point via light intensity measurements
of the beam impinging a ZnS target. No deviations were
visually observed implying variations that are less than
1 mm. All possible residual asymmetries not related to
the analyzing powers have been estimated by applying a
different fit function to the one presented in Eqs. 7 and 8.
For this purpose, the analyzing powers are measured by
fitting gξ,φ12(φ) and hξ,φ12(φ) to the functions Ay cosφ+A
and Ax sinφ+B, respectively. The magnitude of this sys-
tematic uncertainty was estimated by taking the differ-
ence between the analyzing powers with and without the
free parameters (A and B) of the fitting functions. The
typical uncertainty related to this effect, on the final an-
alyzing powers Ax and Ay, was found to be around 0.015
and 0.005, respectively.
The analyzing powers Ax and Ay were extracted by se-
lecting events that fall within 3σ around the peak position
in the D-spectrum; see Fig. 3. We note that most of the
events on the left-hand side of the peak stem from break-
up events whereby one of the protons undergo a hadronic
interaction in the scintillator material. Therefore, only a
small fraction of events that fall within the selection win-
dow is due to background. To estimate the effect of the
residual background on Ax and Ay, we performed an al-
ternative analysis procedure. For this, we extracted the
analyzing powers for data that fall within the interval −3σ
and 0 of D and for the interval starting from 0 to +3σ.
The difference between these two data samples we used
as an estimate of the systematic uncertainty due to the
background. The resulting analyzing powers for the left
and right sides differ at most by 0.01 for both Ay and Ax.
The total systematic uncertainty is obtained by adding
all contributions in quadrature assuming them to be in-
dependent.
4 Theoretical calculations
In the present work, the theoretical predictions were ob-
tained based on realistic NN potentials such as CDB [3,4]
and AV18 [1] and 2NF+3NF models such as CDB+∆ [14,
15], CDB+TM99 [37,38,39], AV18+UIX [40] and CDB+∆
+Coulomb [41,42]. To compare them with the experimen-
tal data, they are all averaged over the detector accep-
tance. Below the averaging procedure is briefly outlined.
4.1 Averaging of the theoretical predictions over
experimental acceptance
As explained in Sec. 2, each ball detector covers a large
solid angle. Therefore, the experimentally-extracted ob-
servables are integrated over a large part of the solid an-
gle, and, hence, one cannot simply assume that the results
correspond to those measured at the central coordinate of
the detector. Thus, in order to perform a fair comparison
between the data and the results of the calculations, aver-
aging [31] of the theoretical values of the observables over
the experimental detector acceptance has been applied.
Figure 6 shows the schematic drawing of the backward
and forward angular bins that are used to count exclu-
sively the break-up events. First, for each configuration
defined by the central values of angles θc1, θ
c
2 and φ
c
12, the
theoretically-determined analyzing powers (Ax and Ay)
and cross sections (σ) are obtained for all combinations of
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angles θc1+δ
∆θ1
5 , θ
c
2 and φ
c
12+γ
∆φ1
6 , where δ and γ are in-
teger numbers (specified in the legend). Only those combi-
nations that fall within the acceptance of the detector are
considered without taking into account the size of the for-
ward angular bins; see Fig. 6. Then, analyzing-power val-
ues are weighted with the product of the 5-fold differential
cross section for that value of the angle and the solid an-
gle factor, while the cross section values are only weighted
with the solid angle factor. Finally, the weighted observ-
ables are placed on the E1 versus E2 plane to project
them onto the relativistic S-curve calculated for the cen-
tral angles θc1, θ
c
2 and φ
c
12. In this way, the results of the
non-relativistic calculations are projected onto relativis-
tic kinematics and, therefore, non-relativistic calculations
can be directly compared to the S distributions of the
data, without the necessity to correct for difference of arc-
lengths calculated along relativistic and non-relativistic S-
curves. Note that in this step, the variable S was not used
as a reference point for the configurations because S is
defined individually for each of them, therefore, the same
values of S for different configurations correspond usually
to different (E1,E2) points. This is merely the consequence
of a large-size detector containing many kinematical con-
figurations.
 𝜃1
𝑐+𝛿
Δ𝜃1
5
 , 𝜃2  
𝑐 ,  𝜙12
𝑐 + 𝛾
Δ𝜙1
6
 
Δ𝜙1 
Angular combinations: 
𝛿 = {−3, −2, −1, 0, +1, +2} 
𝛾 = {−3, −2, −1, 0, +1, +2, +3} 
Fig. 6: Schematic drawing of the angular bins used for
event integration at (θ1 = 50
◦, θ2 = 28◦). Indices “1” and
“2” represent the backward and forward angles, respec-
tively. The central configuration (θc1, θ
c
2, φ
c
12) is marked
with red and other combinations of angles are shown by
purple with δ and γ taking values specified in the legend.
Note that the numbers in the legend are specific for the
detector shown here.
5 Experimental results
Experimental results of the analyzing powers (Ax and Ay)
for 105 kinematical configurations are given in the sup-
plementary material. In Fig. 7, the analyzing powers at
(θ1 = 45
◦, θ2 = 24◦) as a function of S are presented for
different azimuthal opening angles. Error bars reflect only
statistical uncertainties and the cyan bands show the sys-
tematic uncertainties. In this figure, one can see that in
general for a given configuration in the whole range of S,
the data lie systematically above, on, or below the theoret-
ical predictions. For instance, for the analyzing powers Ay
at φ12 = 20
◦, data lie above and, towards φ12 = 180◦, the
data are located below the theory predictions. The agree-
ment between data and theoretical calculations depends
strongly on φ12 and less on the variable S. Therefore, we
decided to integrate the observables over S that facilitates
the comparison with the calculations. In this method, both
measured and calculated data points of the analyzing pow-
ers (Ax and Ay) for each configuration, (θ1, θ2, φ12), are
averaged over S using the following equation:
A¯x(y)(ξ) =
N∑
i=1
Ax(y)(ξ, Si)
(∆Aexpx(y)(ξ, Si))
2
N∑
i=1
1
(∆Aexpx(y)(ξ, Si))
2
, (10)
where ξ=(θ1, θ2, φ12) denotes all kinematical variables ex-
cluding Si. N is the number of data points in S for that
configuration, ∆Ax(y)(ξ, Si) is the uncertainty of the data
point and i is the index for the variable S running from
1 to N . The uncertainty in the experimental average can
be evaluated using standard error propagation as
∆A¯x(y)(ξ) =
1√
N∑
i=1
1
(∆Aexpx(y)(ξ, Si))
2
. (11)
Figures 8 and 9 present the averages of the analyzing pow-
ers Ax and Ay, respectively, as a function of the opening
azimuthal angle, φ12. The errors are statistical and the
cyan bands depict 2σ systematic uncertainties. The av-
erages of the calculations are presented by the same line
colors and styles as were chosen for Fig. 5.
6 Discussion
To improve our insight into 3NF effects and to monitor
the consistency of the results, we decided to do a system-
atic survey of all experimental analyzing powers which are
obtained up to now for the proton-deuteron break-up re-
action at 135 MeV with BINA.
For the survey, we studied the overall progression of
the measured analyzing powers for forward-forward and
forward-backward configurations. Figures 8 and 9 depict
this progression for the analyzing powers averaged over S
as a function of φ12. In addition, the predictions by theo-
retical calculations based on a variety of input potentials
are presented by lines.
In general, we observe that the state-of-the art cal-
culations describe the data well for a large part of the
phase space. However, significant discrepancies between
data and theory can be observed in particular for Ay at
small φ12 corresponding to small relative energies between
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Fig. 7: The analyzing powers at (θ1 = 45
◦, θ2 = 24◦) as a function of S for different azimuthal opening
angles. Error bars reflect only statistical uncertainties. The cyan bands show the total systematic
uncertainty whereby the width corresponds to 2σ. For a description of the lines, we refer to the
caption of Fig. 5
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the two final-state protons. These discrepancies cannot be
explained by the Coulomb effect, neither by the 3NF effect
originating from the ∆ resonance.
From a more detailed inspection of the Ax results pre-
sented in Fig. 8, we can observe the following aspects:
1. Towards φ12 = 180
◦, Ax is measured to be zero as ex-
pected under parity conservation. This is indeed com-
patible with our data lending confidence to our proce-
dure to extract this observable.
2. For data taken at θ1 = 107
◦, the statistical and sys-
tematical uncertainties are very large and hence the
data are not sensitive to studying the details of the 3N
interaction. For all other configurations our data show
sensitivity (errors are smaller than model deviations).
3. The model sensitivity is the best at configurations that
are away from coplanarity. In general, it appears that
calculations that incorporate the 3NF effects result in
a worse description of the data, albeit small in most
cases.
By reviewing the Ay results depicted in Fig. 9, we draw
the following conclusions:
1. The model sensitivity is significantly larger in Ay than
in Ax, in particular towards non-coplanarity and for
moderate scattering angles of the two protons.
2. The failure of the models that incorporate 3NF is very
evident for this observable. Strikingly, the calculations
are more compatible with data when no 3NF is taken
into account. Hence, the current 3NF models appear
to miss an important ingredient to describe this ob-
servable.
3. For symmetric configurations, θ1 = θ2 and at large
φ12, the average of Ay should become zero because of
symmetry arguments. This is confirmed by the data.
The problem with description of this observable by
currently available models is also evident. The largest
discrepancy is observed in configurations where both
protons are scattered at the lowest studied polar angles
of 16◦ and with small φ12.
7 Summary and conclusion
Our measurements cover a large part of the total phase
space of the break-up reaction. This allowed us to study
systematically the two vector analyzing powers, Ax and
Ay, for various scattering angles and with respect to the
full range of coplanarity of the two final-state protons. The
data were compared to state-of-art Faddeev calculations
that were based on several NN and 3NF models. With such
a large coverage, we were able to probe parts of the break-
up phase space at which one expects to have no sensitivity
to 3NF effects and parts at which the predictions signif-
icantly vary depending on the choice of input potential.
In general, we observed that the calculations are compat-
ible with the data at configurations with low-model sen-
sitivity. Strikingly, though, at places with a strong model
sensitivity, the calculations that include a 3NF effect give
a significantly worse description of the data compared to
the results that excludes a 3NF effect. The model defi-
ciency appears to be the strongest for the observable Ay,
giving rise to another Ay puzzle in the proton-deuteron
break-up channel at intermediate energies. The origin of
the observed discrepancy is yet unknown and requires a
further theoretical study.
Acknowledgement
The authors acknowledge the work by AGOR cyclotron
and ion-source groups at KVI for delivering the high-
quality polarized beam. This work was partly supported
by the Polish National Science Centre under Grant No.
2012/05/B/ST2/02556 and 2016/22/M/ST2/00173. The
numerical calculations were partially performed on the su-
percomputer cluster of the JSC, Ju¨lich, Germany.
References
1. R.B. Wiringa, V.G.J. Stoks, R. Schiavilla, Phys. Rev. C
51, 38 (1995)
2. V.G.J. Stoks, R.A.M. Klomp, C.P.F. Terheggen, J.J.
de Swart, Phys. Rev. C 49, 2950 (1994)
3. R. Machleidt, F. Sammarruca, Y. Song, Phys. Rev. C 53,
R1483 (1996)
4. R. Machleidt, Phys. Rev. C 63, 024001 (2001)
5. A. Nogga, H. Kamada, W. Glo¨ckle, Phys. Rev. Lett. 85,
944 (2000)
6. J. Carlson, S. Gandolfi, F. Pederiva, S.C. Pieper et al.,
Rev. Mod. Phys. 87, 1067 (2015)
7. J. Carlson, V.R. Pandharipande, R.B. Wiringa, Nucl.
Phys. A 401, 59 (1983)
8. B.S. Pudliner, V.R. Pandharipande, J. Carlson, R.B.
Wiringa, Phys. Rev. Lett. 74, 4396 (1995)
9. S.A. Coon, M.D. Scadron, P.C. McNamee, B.R. Barrett
et al., Nucl. Phys. A 317, 242 (1979)
10. S.A. Coon, H.K. Han, Few-Body Sys. 30, 131 (2001)
11. S. Weinberg, Phys. Lett. B 251, 288 (1990)
12. S. Weinberg, Nucl. Phys. B 363, 3 (1991)
13. E. Epelbaum, Prog. Part. Nucl. Phys. 57, 654 (2006)
14. A. Deltuva, K. Chmielewski, P.U. Sauer, Phys. Rev. C 67,
034001 (2003)
15. A. Deltuva, R. Machleidt, P.U. Sauer, Phys. Rev. C 68,
024005 (2003)
16. K. Sagara, Few-Body Sys. 48, 59 (2010)
17. N. Kalantar-Nayestanaki, E. Epelbaum, J.G. Messchen-
dorp, A. Nogga, Rep. Prog. Phys. 75, 016301 (2012)
18. S. Kistryn, E. Stephan, J. Phys. G: Nucl. Part. Phys. 40,
063101 (2013)
19. E. Stephan, S. Kistryn, I. Skwira-Chalot, I. Ciepa let al.,
Few-Body Sys. 58, 30 (2017)
20. H. Mardanpour, H.R. Amir-Ahmadi, R. Benard, A. Biegun
et al., Phys. Lett. B 687, 149 (2010)
21. M. Eslami-Kalantari, H. Amir-Ahmadi, A. Biegun,
I. Gasˇparic´ et al., Mod. Phys. Lett. A 24, 839 (2009)
22. K. Ermisch, H.R. Amir-Ahmadi, A.M. van den Berg,
R. Castelijns et al., Phy. Rev. C 71, 064004 ( 21) (2005)
12 M. T. Bayat et al.: A comprehensive study of analyzing powers in the proton-deuteron break-up channel at 135 MeV
23. H.R. Kremers, A.G. Drentje, Performance of the polarized
ion source POLIS used at the AGOR accelerator facility,
in Polarized Gas Targets and Polarized Beams, edited by
R.J. Holt, M.A. Miller (AIP, New York, 1997), Vol. 421 of
AIP Conf. Proc., p. 507
24. S. Gale`s, AGOR: a superconducting cyclotron for light and
heavy ions, in 11th International Conference on Cyclotrons
and their Applications, edited by M. Sekiguchi, Y. Yano,
K. Hatanaka (Ionics, Tokyo, 1987), p. 184
25. A. Ramazani-Moghaddam-Arani, H.R. Amir-Ahmadi,
A.D. Bacher, C.D. Bailey et al., Phys. Rev. C 78, 014006
( 5) (2008)
26. M.T. Bayat, Ph.D. thesis, University of Groningen (2019)
27. M.T. Bayat, M. Eslami-Kalantari, N. Kalantar-
Nayestanaki, S. Kistryn et al., IL NUOVO CIMENTO
42C, 127 (2019)
28. M.T. Bayat, M. Eslami-Kalantari, N. Kalantar-
Nayestanaki, S. Kistryn et al., Analyzing Powers of
the Proton-Deuteron Break-Up Reaction at Large Proton
Scattering Angles at 135 MeV, in Recent Progress in
Few-Body Physics, edited by N.A. Orr, M. Ploszajczak,
F.M. Marque´s, J. Carbonell (Springer International
Publishing, Cham, 2020), Vol. 238, pp. 145–149
29. M. Volkerts, A. Bakker, N. Kalantar-Nayestanaki,
H. Fraiquin et al., Nucl. Instr. Meth. Phys. Res. A428,
432 (1999)
30. N. Kalantar-Nayestanaki, J. Mulder, J. Zijlstra, Nucl. In-
str. and Meth. Phys. Res. A 417, 215 (1998)
31. E. Stephan, S. Kistryn, R. Sworst, A. Biegun et al., Phys.
Rev. C 82, 014003 (2010)
32. H. Tavakoli-Zaniani, M. Eslami-Kalantari, H.R. Amir-
Ahmadi, M.T. Bayat et al., Eur. Phys. J. A 56, 62 (2020)
33. H. Tavakoli-Zaniani, M.T. Bayat, M. Eslami-Kalantari,
N. Kalantar-Nayestanaki et al., IL NUOVO CIMENTO
42C, 131 (2019)
34. H. Tavakoli-Zaniani, M.T. Bayat, M. Eslami-Kalantari,
N. Kalantar-Nayestanaki et al., A Comprehensive Mea-
surement of Analyzing Powers in the Proton-Deuteron
Break-Up Channel at 135 MeV, in Recent Progress in Few-
Body Physics, edited by N.A. Orr, M. Ploszajczak, F.M.
Marque´s, J. Carbonell (Springer International Publishing,
Cham, 2020), Vol. 238, pp. 403–406
35. M. Mohammadi-Dadkan, H.R. Amir-Ahmadi, M.T. Bayat,
A. Deltuva et al., Eur. Phys. J. A 56, 81 (2020)
36. G.G. Ohlsen, Nucl. Instr. Meth. 179, 283 (1981)
37. H. Wita la, W. Glo¨ckle, D. Hu¨ber, J. Golak et al., Phys.
Rev. Lett. 81, 1183 (1998)
38. H. Wita la, W. Glo¨ckle, J. Golak, A. Nogga et al., Phys.
Rev. C. 63, 024007 (2001)
39. H. Wita la, J. Golak, R. Skibiski, W. Glo¨ckle et al., Nuclear
Physics A 827, 222c (2009)
40. A. Deltuva, Phys. Rev. C 80, 064002 (2009)
41. A. Deltuva, A. Fonseca, P. Sauer, Phys. Rev. C 72, 054004
(2005)
42. A. Deltuva, A. Fonseca, P. Sauer, Phys. Rev. C 73, 057001
(2006)
43. H. Tavakoli-Zaniani, Ph.D. thesis, University of Groningen
(2020)
